The quenching of emission in proximity to metallic surfaces via non-radiative energy transfer is studied for sensing applications. It can also be used for the measurement of distances on the nanoscale. We report on energy transfer from a plane of CdTe quantum dots (QDs) plane to a plane of gold (Au) nanoparticles. Both photoluminescence (PL) and luminescence lifetime measurements demonstrate that energy transfer efficiency not only depends on plane separation but also Au nanoparticle concentration. Energy transfer to the plane of metal nanoparticles can be considered within the standard Förster resonant energy transfer (FRET) model or the nano-metal surface energy transfer (NSET) model. It is found that both dependences are well described within the model of FRET which shows a 1/d 4 distance dependence and a 1/C Au Au concentration dependence. However, surprisingly large Förster radii of 10 nm, larger than expected from the spectral overlap of the QD emission and gold localised surface plasmon absorption, are obtained. Keywords: Förster resonant energy transfer, nanocrystal quantum dots, Au nanoparticles, time-resolved emission decay, surface plasmons.
INTRODUCTION
Fluorescence quenching by metal nanoparticles (NPs) has been the subject of intense research, with applications, for example, in the area of nano-sensors [1] . Metal nanoparticles with size below 40 nm, when put in close proximity to dyes or QDs, act as a radiative quencher over a broad range of wavelengths [2] . Quenching near a metal nanoparticle occurs by means of rapid non-radiative resonance transfer from an excited probe system, such as QDs or dye molecules, to a metal nanoparticle or a roughened metal surface. This transfer is promoted by the strong optical absorption inherent in plasmonic structures [3] and has been theoretically studied by Govorov et al. [4] who derived the non-radiative energy transfer rate between a semiconductor QD and a gold nanoparticle due to dipole-dipole coupling. Reports to date have concentrated on the quenching of chromophores by a single metal NP or by a continuous metal plane. It has been reported that energy transfer between two planes of QDs is mediated by dipole-dipole interaction [5] . For a pair of dipoles, the energy transfer rate
where d is the separation between donor and acceptor, as described by Förster resonance energy transfer (FRET). For two planes of dipoles,
, which shows similar distance dependence as the nanometal surface energy transfer (NSET) model [7] in which a nanoparticle is treated as a surface. However, it is still an open question whether energy transfer from dyes or QDs to Au NPs is best described by a FRET model which considers resonant dipole states of the QDs and Au NPs, or via the interaction with an infinite surface as in the NSET model. In the FRET formalism, the Förster radius 0 R depends on the overlap of the resonant states. Further investigations of 0 R determined from the spectral overlap and as well as the separation and concentration dependences of the energy transfer efficiency are required.
In this paper we report detailed investigation of the energy transfer from a plane of QDs (diameter 3.6 nm) on a plane of 5.5 nm diameter Au spheres via characterization of the photoluminescence (PL) quenching and PL lifetime modification. In this case not only the dependence on the QD-metal separation can be investigated but also the dependence on the Au NP concentration. This can provide greater optimization of nano-sensor sensitivity and further insight into the energy transfer mechanism.
EXPERIMENTAL METHODS
Colloidal Au NPs with an average diameter of 5.5 nm stabilized by DMAP [8] were deposited first on a polyelectrolyte buffer layer covering a quartz slide. Negatively charged CdTe nanocrystal QDs, stabilized by thioglycolic acid in aqueous solution [9] , were deposited in pure monolayers on quartz slides or in bilayer structure on Au nanoparticles layer. The QDs and Au nanoparticles acted as the energy donors and energy acceptors respectively. The monolayer and bilayer structures are deposited using the layer-by-layer (LbL) electrostatic assembly technique, further details on the sample preparation with Au NP monolayers can be found in [10] . As can be seen in Fig. 1(a) , in the pure monolayers the donors QDs emission is centred at 650 nm.
A Shimadzu UV-2401 PC double-beam UV-Vis recording spectrometer was used to measure the absorption spectra of the layer structures. The room temperature photoluminescence (PL) spectra of the samples were recorded with a Perkin-Elmer LS 55 fluorescence spectrometer using an excitation wavelength of 400 nm. The time-resolved PL decays were measured with a PicoQuant Microtime200 time-resolved confocal microscope system with an excitation wavelength of 470 nm and an average excitation power of 16 nW. For the measurements of the PL intensity decay, a broad band-filter with a nominal centre wavelength of 650 nm is inserted before the detector. The emission signal of the QD monolayers and QD-Au bilayer was recorded by scanning an area of 80 µm×80 µm (150×150 pixels) with a repetition rate of 8 MHz and an integration time of 4 ms per pixel.
RESULTS AND DISCUSSIONS
Firstly the spectral properties of the reference QD monolayer and bilayer of QDs and Au NPs will be presented. After which the dependences of the energy transfer efficiency on the separation between the QD and Au nanoparticle monolayers and the Au nanoparticle concentration will be discussed.
ET in a Bilayer of QDs and Au nanoparticles

Figure 1: (a) Absorption (right-hand axis) and photoluminescence (PL) spectra (left-hand axis) of Au-QD bilayer structure (black line), QD (grey line) reference monolayer as well as Au monolayer absorption (dots); (b) QD PL decays for the Au-QD bilayer structure (black line) and the reference QD monolayer (grey line).
The absorption and PL spectra for pure QD monolayers as well as bilayer of QDs and Au NPs with the same QD concentration of The QD size and concentration in the pure monolayers can be extracted from the position of the first absorption peak and the absolute value at this wavelength [11] . The concentrations of the QDs and gold nanoparticles in the bilayer structure were determined by fitting the bilayer absorption spectrum by a weighted sum of the pure QD and gold nanoparticles monolayer absorption spectra [12] . It can be seen that QD emission is quenched by Au NPs by comparison with QD monolayer. Furthermore, normalized PL intensity decays for both structures are shown in Fig. 1(b) . The time-dependence of the PL decays ( ) For the example shown in Fig. 1 shows, the PL quenching efficiency is (39 6)% ± in good agreement with the energy transfer efficiency calculated from the change in lifetime, (43 4)% ± . 
Au-QD Distance Dependence and Au Concentration Dependence
Firstly, the separation dependence of the energy transfer will be discussed. As can be seen from Fig. 2(a) In order to further probe the validity of FRET, we also examined the energy transfer efficiency as a function of Au concentration, shown in Fig. 2 with that obtained from the separation dependence.
Discussion
Energy transfer efficiency has a 1/d 4 dependence for both FRET and NSET models. However, the observed Au concentration dependence of the energy transfer is well described by FRET theory, which indicates a Au nanoparticle, which has comparable size to the QD, could be viewed as a dipole. As noted earlier, in the FRET formalism the energy transfer occurs via resonant states and R 0 can also be calculated from the spectral overlap of the donor emission and the acceptor absorption. The spectral overlap, J, is given by 
is calculated for a QD monolayer with quantum yield Q D = 6% and a volume weighted refractive index of the surrounding medium n = 2.1. As can be seen the R 0 values obtained from fitting the separation and Au nanoparticle concentration dependence is almost double that calculated from the spectral overlap. 
